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Abstract
Background: The tropical rain forests (TRF) of Africa are the second largest block of this biome after the Amazon
and exhibit high levels of plant endemism and diversity. Two main hypotheses have been advanced to explain
speciation processes that have led to this high level of biodiversity: allopatric speciation linked to geographic
isolation and ecological speciation linked to ecological gradients. Both these hypotheses rely on ecology: in the
former conservation of ecological niches through time is implied, while in the latter adaptation via selection to
alternative ecological niches would be a prerequisite. Here, we investigate the role of ecology in explaining present
day species diversity in African TRF using a species level phylogeny and ecological niche modeling of two
predominantly restricted TRF tree genera, Isolona and Monodora (Annonaceae). Both these genera, with 20 and 14
species, respectively, are widely distributed in African TRFs, with a few species occurring in slightly less humid
regions such as in East Africa.
Results: A total of 11 sister species pairs were identified most of them occurring in allopatry or with little
geographical overlap. Our results provide a mixed answer on the role of ecology in speciation. Although no sister
species have identical niches, just under half of the tests suggest that sister species do have more similar niches
than expected by chance. PCA analyses also support little ecological differences between sister species. Most
speciation events within both genera predate the Pleistocene, occurring during the Late Miocene and Pliocene
periods.
Conclusions: Ecology is almost always involved in speciation, however, it would seem to have had a little role in
species generation within Isolona and Monodora at the scale analyzed here. This is consistent with the
geographical speciation model for TRF diversification. These results contrast to other studies for non-TRF plant
species where ecological speciation was found to be an important factor of diversification. The Pliocene period
appears to be a vital time in the generation of African TRF diversity, whereas Pleistocene climatic fluctuations have
had a smaller role on speciation than previously thought.
Ecological niche modeling, species level phylogeny, ecological speciation, African tropics, Isolona, Monodora,
Annonaceae

Background
The tropical rain forest (TRF) biome covers just ~7% of
land but harbors over half of the planet’s terrestrial biodiversity. The TRF of Africa represents the second largest extent of this biome after the Amazon basin, and
contains high levels of species diversity and especially
endemicity [1]. Two main African rain forest blocks
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exist. The most widespread one corresponds to the Guineo-Congolian floristic region [2], which extends almost
continuously (expect for a break at the Dahomey gap in
Togo and Benin) from West Africa into the Congo
basin and east of the Democratic Republic of Congo
and Uganda. The East African rain forests are concentrated on a smaller and patchier surface extending from
Kenya to southern Mozambique along the coast and the
Eastern Arcs [3,4]. This latter block contains one of the
highest concentrations of endemic species on Earth [5].
Understanding the evolutionary processes responsible
for high species richness of TRF has been a major focus
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of evolutionary biology [6], although most studies have
focused on the Amazon and Australian rain forests.
Two main hypotheses have been advanced to explain
speciation processes that have led to high levels of biodiversity in African TRF [7,8]: 1) geographic isolation
between populations restricted to rain forest patches
resulting in allopatric speciation (e.g. the refuge model,
mountain speciation model, riverine barrier model
[9-13]); 2) divergent selection related to ecological gradients where genetic and/or geographic isolation is minor
[7,14]. Ecology is central to the processes of divergence
and speciation [15,16] but in the two speciation models
above (geographic isolation vs. divergent selection) ecology plays contrasting roles [17]. In the former, it would
be expected that the variables that make up a niche
have low rates of change over a phylogeny (niche conservatism [18,19] or niche stasis [20]). This pattern
would be predicted when taxa that are restricted to rain
forest patches have been tracking the geographical distribution of this biome, being unable to adapt to changing conditions. In contrast, in the case of divergent
selection, ecological divergence and adaptation to new
niches would be a fundamental prerequisite [7], and the
variables comprising species’ niches would be expected
to deviate less from a random distribution over a phylogeny than in the case of geographic isolation. For example, adaptation to more arid environments since the
Miocene has been suggested to be a driver of diversification in some African plant genera [21]. Thus, a possible
first step in unraveling TRF diversification in Africa is
to understand the role of ecology in explaining present
day diversity.
New developments in ecological niche modeling
(ENM) or species distribution modeling have provided
important advances in the understanding of species distribution [22], as well as in the study of ecological speciation [e.g. for plants [23], [24], [25]]. These methods
combine data about the known distribution of a species
with climatic and other relevant variables to identify
those environmental conditions that are suitable for that
species and predict its potential distribution. Such methods allow for a precise quantification of ecological parameters specific to each species, which in turn enables
the use of statistical tests to answer questions about
niche differentiation or similarity [26,27].
Here, we used an integrative approach including a
dated molecular phylogeny [28,29] and ENM to investigate the evolutionary ecology of two African TRF genera
Isolona and Monodora (Annonaceae). Both genera contain small to large trees largely distributed across the
African rain forests from West/Central Africa to East
Africa. A recent monograph of both genera provides
information about species delimitation as well as their
distribution [28]. Isolona contains 20 species, 5 of them
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endemic to Madagascar, while Monodora contains 14
species and is absent from Madagascar [28]. A large
number of species grow in lowland rain forests, but a
few occur in montane areas (above 1200 m), as well as
in less humid regions growing in thicket or woodland
such as in Malawi and northern South Africa. Both genera have been recovered as sister with maximum support nested within a large clade of African genera [30].
Moreover, the presence of phylogenetic signal of certain
climatic variables identified within Monodora has been
previously suggested but not explicitly tested [31].
Finally, Hutchinson underlined [32] that the ecological
niche of species is multi dimensional. For this study we
shall use climatic data for Africa as this is available for
all species used in this study, in contrast to other ecological data for which we have very spars records (pollination biology, biological interactions, etc.). Moreover,
bioclimatic models appear suitable to generate predictions of species ecological requirements at the macroscale studied here (continental distribution of species)
[33].
The goal of this study was to understand the role of
ecology in the speciation and distribution of both genera. We identified sister species and tested for niche
similarity and for phylogenetic signal of different climatic variables within the clade. Specifically we
addressed the following questions: Do sister species
have similar ecological niches? Can we detect a phylogenetic signal of environmental variables?

Results
Phylogeny

Using the molecular phylogenies published by [28,29]
we identified a total of 11 species pairs (Figure 1) generally based on strong support values. No comparisons
were undertaken within the monophyletic Malagasy
clade because the focus of this study was directed
towards mainland Africa. In the cases where support
values were low comparisons were undertaken on species that were grouped together in the different prior
phylogenetic analyses (e.g. BEAST, MrBayes). Morphology and palynology provide little information on species
relationships when compared to molecular phylogenies,
especially in Monodora [28,34]. Monodora crispata and
M. tenuifolia were considered as sister albeit with low
support because these two species were also recovered
as sister (with low support) in other analyses [see [28]].
In one case, relationships between three species (M.
myristica, M. undulata and M. laurentii) were unresolved and thus comparisons were undertaken between
all possible pairs (four pairwise comparisons). Within
Isolona, four species of mainland Africa were not
sampled and their exact placement remains unknown.
Even though strong support for some sister species
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Figure 1 Tempo of speciation in Isolona and Monodora. Maximum clade credibility chronogram, with nodes represented by their mean ages
estimated from 9000 posterior trees and under a relaxed lognormal uncorrelated molecular clock assumption. Values at nodes represent
posterior probabilities (PP) of the BEAST analysis. Nodes without values have PP of 0.8-1. Asterisks indicate nodes with less than 0.5 PP. Taxa in
blue: West/Central Africa; Taxa in red: east Africa. A: Isolona cauliflora; B: I. heinsenii; C: I. cooperi; D: I. zenkeri; E: I. hexaloba; F: Monodora myristica;
G: M. undulata; H: M. crispata; I: M. carolinae; J: M. globiflora; K: M. hasipetala. (Photos: TLP Couvreur, except G, C. Jongkind). Hol.: Holocene. DRC:
Democratic Republic of Congo. Cam: Cameroon.
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Table 1 Sister species characteristics in Isolona and Monodora as well as results from the PCA and, the similarity and
background tests.
Mann-Whitney
U
Species pair

% geographical
overlap

Smaller Range
species

MRCA age (95%
confidence interval)

PC1 PC2 PC3

pleurocarpazenkeri

19.6

pleurocarpa

4.5 (1.4-7.9)

*

NS

***

dewevreithonneri

8.9

dewevrei

2.5 (0.4-4.8)

***

NS

heinseniilinearis

32

linearis

2.6 (0.7-4.8)

*

campanulatacooperi

16

cooperi

2.8 (0.9-5.2)

congolanahexaloba

12.6

congolana

carolinaestenopetala

0

hastipetalajunodii

Identity
test
D

I

D

Background test (1)

I

D

I

0,25 0,50 ***

***

more
*/more *

more
*/more **

***

0,41 0,63 ***

***

NS/NS

NS/NS

NS

NS

0,40 0,62 ***

***

less ***/NS

less
***/more *

NS

*

NS

0,53 0,69 ***

***

NS/more *

NS/NS

6 (2.7-9.8)

***

**

**

0,44 0,60 ***

***

NS/NS

NS/NS

no overlap

2.6 (0.9-4.4)

NS

**

**

0,21 0,49 ***

*** *** more/NS *** more/NS

89.3

hastipetala

1.5 (0.2-3.2)

NS

*

NS

0,05 0,35 ***

***

less */less
***

less */less
***

laurentiimyristica

14.3

laurentii

2.4 (0.6-4.8)

*

NS

NS

0,55 0,70 ***

***

more
***/more
***

more
***/more
***

myristicaundulata

35.7

undulata

1.6 (NE)

**

***

***

0,43 0,64 ***

***

NS/NS

more */NS

crispatatenuifolia

43

crispata

3.8 (NE)

NS

***

NS

0,46 0,66 ***

***

more
***/more *

more
***/more *

laurentiiundulata

0

no overlap

2.4 (0.6-4.8)

NS

**

**

0,23 0,50 ***

***

more
***/more
***

more
***/more *

Isolona

Monodora

NE = not estimated
*** P < 0,001
** P < 0,01
* P < 0,05
NS not significant
1) the first value corresponds to the test of the first species vs the background of second, and then vice versa

relationships are lacking, the phylogeny of Couvreur et
al. [28,29] provides the best hypothesis of species relationship to date.
Mean divergence ages (Table 1) for all sister species
ranged from on average 1.6 to 6 million years ago (Ma).
In some cases, estimation of the 95% highest posterior
density confidence intervals was not possible given the
low node support. Finally, most sister species pairs
occurred in allopatry or had little geographic range
overlap (Table 1). Calculations indicated that species
pairs varied from no overlap (0% in two cases) to 89.3%
overlap (one case, see discussion).
Bioclim variables

For most sampled species there were more than ten
unique locality data points, except for Isolona capuronii (1), I. pleurocarpa (7), Monodora carolinae (7), M.
globiflora (6), M. hastipetala (4) and M. stenopetala
(6), all being rare or localized species. Analysis of the

variation of each bioclim variable between species
underlines important ecological characteristics within
and between species of each genus. For Isolona, differences between East and West/Central species were few
(Figure 2) and included lower Isothermality (BC3),
higher temperature seasonality (BC4) and lower annual
precipitation (BC12) for the East African species. In
contrast, East African species of Monodora showed differences for several variables when compared to the
West/Central African ones. For example, they are subject to lower isothermality (BC3), higher temperature
seasonality (BC4) and lower annual precipitation
(BC12) as well as other related variables such as BC13,
BC14, BC16, BC17 and BC19 (Figure 3). Montane
restricted taxa (> 1100 m) such as Isolona congolana, I.
linearis and Monodora globiflora are exposed to lower
mean temperatures (BC8, BC9, BC10 and BC 11, see
additional files 1, 2, 3, 4, 5, 6, 7 and 8 for all the
variables).
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Figure 2 Climatic variation in species of Isolona. Only species
sampled in the molecular phylogeny are represented. Blue: West/
Central African species; Red: East African species; grey: Malgasy
species. West/Central African species: 1: Isolona congolana; 2: I.
hexaloba; 3: I. pleurocarpa; 4: I. zenkeri; 5: I. campanulata; 6: I. cooperi;
7: I. dewevrei; 8: I. thonneri; 9: I. cauliflora. East African species: 10: I.
heinsenii; 11: I. linearis. Malagasy species: 12: I. capuroni; 13: I.
ghesquierei; 14: I. perrierii.

Figure 3 Climatic variation in species of Monodora. Only species
sampled in the molecular phylogeny are represented. Blue: West/
Central African species; Red: East African species. West/Central
African species 1: Monodora angolensis 2: M. crispata, 3: M. laurentii,
4: M. myristica, 5: M. tenuifolia, 6: M. undulate. East African species: 7:
M. carolinae, 8: M. globiflora, 9: M. grandidieri, 10: M. hastipetala, 11:
M. junodii, 12: M. minor, 13: M. stenopetala.

Sister species comparisons: principal component analysis

species pairs (Table 1). Only the species pairs M. myristica /M. undulata and I. congolana /I. hexaloba were
significantly different on all axes tested.

Environmental niches were compared between sister species using Principal Component Analysis (PCA) on all 19
bioclim variables and significance between principal components were tested under Mann-Whitney U test.
Together, the first and second components explained
between 59% and 87% of the variation among the 19 bioclim variables. The directionality of the loadings for components 1 and 2 were quite variable, (Figures 4 and 5) but
in general, one axis was related to variation in precipitation while the other was related to temperature variation.
PCA indicated environmental overlap between most
pairs of sister species. Three main patterns were
observed: 1) Species with narrower distributions were
included within the environmental variation of a more
widely distributed species (for example Monodora laurentii within M. myristica; M. hastipetala within M. junodii; Isolona cooperi within I. campanulata; 2) species
that overlapped for part of their variation (for example
M. laurentii /M. undulata; Isolona congolana /I. hexaloba); 3) species with clearly separated ecological space,
which was found in just one species pair: Monodora carolinae /M. stenopetala. For most comparisons one to
two PC axes were not significantly different between

Niche modeling

Ecological niche modeling was undertaken on all sampled
species using Maxent [35]. The area under the curve
(AUC) values for all species models ranged from 0.9194 to
0.998 (21 with an AUC higher than 0.95) indicating reliable model performance (see additional file 9). In four
models (all of them for Monodora species) no standard
deviation (SD) was calculated, even though the respective
AUCs were high, because the number of total samples was
too low (for species with occurrence points less than 8
only one training point can be used from which the SD
cannot be estimated). Although several species in this
study exhibited low sample sizes, the resulting AUCs indicate that meaningful models have been produced (see
additional file 9). The Maxent software has been documented to produce models with good predictive performance from small numbers of sample localities [36-38].
The environmental variable that had the highest contribution to the prediction of each species when training
the models (highest training gain) is reported in Table

Couvreur et al. BMC Evolutionary Biology 2011, 11:296
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Figure 4 Climatic comparison between sister species in Isolona. Principal component analysis (PCA) between five species pairs. Prec.
Precipitation dominant axis identified by the component matrix; Temp.: Temperature dominant axis identified by the component matrix.

S1. Response curves and variable importance were
examined; however no general trends or consistent suite
of variables were identified as the important factors for
species’ distributions.

Sister species comparisons: Niche similarity tests

Potential distribution generated under ENM using Maxent between selected sister species are presented in Figures 6 and 7 and for all species in additional files 10, 11,
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Figure 5 Climatic comparison between sister species in Monodora. Principal component analysis (PCA) between six species pair. Prec.
Precipitation dominant axis identified by the component matrix; Temp.: Temperature dominant axis identified by the component matrix.

12 and 13. Niche identity tests indicated significant ecological differentiation between all sister species (Table 1)
demonstrating that ecological niches between species
pairs are not identical. In contrast, background tests

indicated that in 21 of the 44 tests undertaken (2 (D
and I statistics) × 2 (two way tests) × 11) the niches of
sister species are more similar than expected by chance
alone (Table 1). In 17 cases, the results were not
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Figure 6 Potential species distribution between three sister species in Isolona. Species distribution generated using MaXent on the 19
bioclim variables.

significantly different than the null distribution. Finally,
6 comparisons showed less niche similarities than
expected, namely two tests for the species pair Monodora hastipetala /M. junodii, and all four tests for Isolona heinsenii /I. linearis.

Phylogenetic signal of climatic variables

Two statistics were used to assess the phylogenetic signal of each bioclim variable: the quantitative convergence index (QVI) of Ackerly et al. [39] and the K of
Blomberg et al. [40]. Tests were undertaken on each
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Figure 7 Potential species distribution between three sister species in Monodora. Species distributions generated using MaXent on the 19
bioclim variables. Arrow indicates a small potential distribution.

genus independently and then on the clade as a whole
(Table 2). The QVI varied from 0.34 to 0.79 in Isolona,
0.23 to 0.99 in Monodora and 0.46 to 0.85 in the whole
clade (Table 2). The randomization tests on 1000

posterior trees indicated that 9/19 variables in Isolona,
10/19 variables in Monodora and 14/19 variables in the
whole clade were significantly smaller than expected by
chance (mean QVI in less than the 99 th percentile)
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Table 2 Test of phylogenetic signal of the 19 bioclim variables using two methods: the quantitative convergence
index (QVI) and Blomberg et al. K.
QVI
Isolona

K

Monodora

clade

Isolona Monodora clade

Bioclim variable Mean QVI Mean QVI random Mean QVI Mean QVI random Mean QVI Mean QVI random
bc1

0.53

0.80

0.73

0.83

0.68

0.85

1.03

0.59

0.49

bc2

0.73

0.82

0.99

0.87

0.85

0.86

0.80

0.33

0.30

bc3

0.48

0.79

0.45

0.82

0.55

0.82

1.16

1.18

0.72

bc4

0.34

0.78

0.50

0.83

0.49

0.82

1.53

0.64

0.60

bc5

0.60

0.81

0.92

0.87

0.78

0.85

0.89

0.44

0.35

bc6

0.53

0.82

0.72

0.90

0.67

0.85

1.14

0.75

0.61

bc7

0.54

0.80

0.81

0.84

0.74

0.82

1.32

0.40

0.35

bc8
bc9

0.72
0.53

0.84
0.83

0.77
0.52

0.79
0.87

0.80
0.63

0.85
0.86

0.79
1.03

0.49
0.77

0.38
0.59

bc10

0.68

0.81

0.90

0.80

0.81

0.83

0.81

0.51

0.39

bc11

0.45

0.81

0.43

0.85

0.55

0.84

1.22

0.79

0.64

bc12

0.62

0.83

0.23

0.78

0.46

0.83

0.90

1.44

0.86

bc13

0.50

0.80

0.66

0.90

0.56

0.82

1.17

0.76

0.66
0.70

bc14

0.69

0.83

0.24

0.81

0.52

0.83

0.75

1.25

bc15

0.64

0.79

0.35

0.83

0.54

0.83

0.70

1.45

0.76

bc16
bc17
bc18

0.56
0.79
0.35

0.81
0.86
0.85

0.55
0.17

0.86
0.78

0.56
0.46

0.82
0.82

1.06
0.68

0.77
1.91

0.66
0.77

0.94

0.84

0.52

0.88

1.22

0.63

0.84

bc19

0.77

0.82

0.23

0.79

0.53

0.82

0.90

1.07

0.66

Mean QVI is the average of the observed QVI across 1000 posterior trees
Mean QVI random is the expected QVI after 1000 randomizations.
Bold values indicate variables that are significantly different than expected from random (P-value < 0.05).

indicating strong correlation of those variables with the
phylogeny. Interestingly, variables identified with significant phylogenetic signal were not always the same
between both genera. In Isolona, temperature related
variables showed more signal than precipitation ones (6/
11 vs. 3/8), whereas in Monodora precipitation variables
showed more signal (4/11 vs. 6/8). For example, BC17
(Precipitation of Driest Quarter) presented the highest
phylogenetic signal (i.e. the lowest values of QVI, Table
2) within Monodora whereas BC4 (Temperature Seasonality) showed the highest phylogenetic signal in Isolona.
The K statistic was higher than expected under a random evolutionary process (K > 1) and showed phylogenetic signal (after a randomization test) for 10 variables
in Isolona and just 6 in Monodora (Table 2). These variables were the same as identified under the QVI for
each genus. Only in Isolona was one variable (BC1)
detected as having a significant signal not found when
using the QVI (Table 2). When K was calculated for the
clade as a whole all of the variables were lower than 1,
indicating a shortage of phylogenetic dependence under
a random evolutionary model. However, 13/19 showed
significant values when compared to the random distribution of the variables on the tree. These were generally
the same as those identified on the whole clade using

the QVI. This would suggest that our data is robust to
phylogenetic uncertainty because the mean QVI and its
significance were based on 1000 posterior trees (see
Methods).
Phylogenetic signal of ecological divergence

An adaptation of the age-range correlation method following [26] was used to test if there was a phylogenetic
signal in ecological divergence using the niche similarity
indices I and D [26]. The slope of the regression in Isolona was negative supporting the idea of an increase in
niche differences with phylogenetic distance. In contrast,
Monodora had a positive slope of the regression (Figure
8) which indicates that niche similarity among the species increases through time. However, neither of these
analyses were significantly different than the null
hypothesis (Table 3) indicating the absence of a significant phylogenetic signal of the ecological niche.

Discussion
Ecological dimensions of speciation

This study is to our knowledge the first one explicitly
using ecological niche models and phylogeny to understand speciation in a clade of African rain forest trees.
Our results indicate little geographical overlap between
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Figure 8 Phylogenetic signal of niche similarity for both genera using D or I in function of time. Line is the fitted regression.

Table 3 Significance results of the Age-Range Correlation (ARC) analyses using randomization tests under Monte Carlo
resampling.
I

D

Intercept

f(greater)1

slope

f(greater)1

Isolona

0.68

0.118 (NS)

0.736

Monodora

0.347

0.807 (NS)

0.145

1

Intercept

f(greater)1

slope

f(greater)1

0.528 (NS)

0.45

0.316 (NS)

0.637

0.726 (NS)

0.29 (NS)

0.039

0.79 (NS)

0.166

0.332 (NS)

The proportion of Monte Carlo replicates with greater slopes or intercept than the observed value.
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sister species (7/11 comparison with less than 30% overlap, Table 1). Thus, most species pairs occur in allopatry, a result consistent with the geographical isolation
hypothesis, although this would also be expected under
the ecological gradient hypothesis. In one case the overlap was relatively large, for example between M. junodii
and M. hastipelata (~ 90%). However, this might be an
artifact in the way the overlap statistic was calculated
(see Methods) as both these species never grow in complete sympatry (i.e. next to each other, pers. obs.).
Monodora hastipelata is a local endemic to a small area
in the Matumbi Hills in Tanzania [41] while M. junodii
has an extensive distribution across East Africa [28].
Most species pairs show visual overlap in ecological
space (Figures 4 and 5) and are never completely separated by PCA analysis (expect for the M. carolinae and
M. stenopetala pair, see below). In contrast, the niche
similarity tests [26] based on the ecological niche models demonstrated that all species pair had highly significantly different niches (Table 1). This test, however, is
known to be very strict, and rejection of similarity can
occur based on very small niche differences, especially
for allopatric species [42]. At the scale studied here (distribution of species at the continental level) the probability of two species having completely identical niches
is very low [18] and these tests might be too stringent,
something already noted in other studies (e.g. [43]). The
background tests appear better suited for this type of
analyses and is generally used when species occur in
allopatry [42]. Just under half of the tests undertaken
(48%, Table 1) supported the hypothesis of niche similarity between sister species whereas 13% (6/44) of the
tests supported a significant difference. However, four of
these latter tests were found for the species pair Monodora junodii/M. hastipetala, and could be linked to the
few data points associated with M. hastipetala (see
Methods). In several cases (17/44) a non-significant
(NS) result was found, which is suggestive of a lack of
power to detect niche differentiation/similarity, either
linked to a low sample size or to the distribution of the
habitat [26]. NS results were found either between
widely distributed species with a fair number of collections (e.g. I. hexaloba and M. myristica), suggesting
habitat heterogeneity as a source of lack of power, or
between species with a small number of collections (M.
stenopetala /M. carolinae; I. thonneri /I. dewevrei).
Finally, we also tested each bioclim variable for phylogenetic signal, i.e. the statistical nonindependence
among species of the variables given their phylogenetic
relationships. Direct interpretation in terms of evolution
of significant phylogenetic signal of traits is difficult and
should be done with caution [44,45]. These tests yielded
different results depending on the level of the analysis
(genus versus clade). Nevertheless, both statistics
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identified several bioclim variables within each genus
and for the clade as containing significant phylogenetic
information (Table 2). Such a result was already suggested for Monodora [31] but not for Isolona or the
clade as a whole. However, it should be noted that for
the genus tests the power of the randomization
approach to detect significance of the K statistic might
be slightly low for 14-16 tip phylogenies [40]. Here, we
do not attempt to draw strong conclusions about the
rate of evolutionary change or the pattern of the evolutionary process linked to these variables. We simply
underline that many variables are not randomly placed
on the phylogeny and that they deviate from a random
evolutionary process as generated under the Brownian
motion model (as interpreted by the K statistic). This is
what would be expected under niche conservatism and
the geographical speciation model, although exactly how
they have influenced its diversification would require
more in depth model fitting analyses [44,46]. In addition, we failed to identify any phylogenetic signal of ecological niche overlap (Figure 7) [26]. Absence of
phylogenetic signal can be the result of a mixture in the
speciation pattern [47], or it may be directly related to
the quality of the data. In Monodora, the latter would
appear to be the case as phylogenetic resolution within
the West species is low, and specimen locality data from
two sister species pair in East Africa are few, both being
sources of error.
The analyses at several levels using different
approaches provide a mixed signal on the role of ecology in speciation. Although sister species within this
clade do not have identical niches, which is to be
expected [18], they are in several cases significantly
more similar between each other than by chance alone
(Table 1). Overall however, based on PCA, ecological
niche modeling and phylogenetic signal analyses, our
results do provide some support to the idea that in
terms of diversification, ecological speciation as viewed
through climate has not played a major role in the evolution of Isolona and Monodora species. This contrasts
with several recent publications where significant ecological divergence was generally demonstrated for northern hemisphere plant sister species such as in Lonicera
[48], Cyclamen [24], five Andean Solanum species [25]
and in most clades of the South American genus Hordeum [43]. They all concluded that ecological speciation
was an important factor of diversification within these
genera. Moreover, in the mainly African distributed
cucurbit genus Coccinia, frequent biome shifts were
inferred during a period of 6 Ma between forest, woodland and semi arid habitats, implying an important role
of ecological diversification [49]. Finally, the spread of
arid environments in Africa during the Neogene was
suggested to be an important driver of diversification of
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some partially TRF genera such as Acridocarpus [21].
Adaptation to alternative (more arid) environments
appears extremely limited within Isolona and Monodora
mainly because of the strong evolutionary constraint
applied by the precipitation variables (Table 2). A strong
correlation between rainfall and species distribution was
also found within Neotropical Annonaceae in general
[50].
The only species pair for which speciation might have
relied on ecology is found in the East African species M.
carolinae et M. stenopetala (Figure 5), the former occurring in moist semi-deciduous coastal forests of southern
Tanzania and Mozambique while the latter is found in
dense thickets and woodlands of Malawi (Figure 7).
However, the background test indicated that M. stenopetala had a significantly more similar niche when compared to the environmental background of M. carolinae
(in the other direction, i.e. the similarity of M. carolinae
using the background of M. stenopetala, was non-significant, and thus inconclusive). This result is quite intriguing given the important ecological differences
identified using PCA between these two species, and
could be an artifact due to the low sample size of both
species (7 for M. carolinae; 6 for M. stenopetala). It
remains unclear exactly how many samples are necessary to produce a robust ecological niche model,
although some authors have suggested more than 10
[23,27] or even over 100 [see [51]]. Also, these results
could be due to the established background that was
used for the tests, here defined as all grid cells within 20
km of known occurrence localities. The background
tests are known to be sensitive to the definition of species ‘background’ and therefore a finer or coarser background region could yield different results [25].
Temporal dimensions of speciation

The estimated mean ages of the origin of species in both
genera inferred by Couvreur et al. [29] (Figure 1, Table
1) are dated to before or at the beginning of the Pleistocene (9/11 speciation events are older than 2.4 Ma,
Table 1). This would suggest that the Pleistocene climatic fluctuations had little effect on species diversity
within these genera. This result is intriguing because the
geographical isolation hypothesis was thought to be
especially important during the Pleistocene because of
the numerous successive rain forest expansion and fragmentation [52-54]. Thus, although ecology plays a little
role in the speciation processes of these genera in
Africa, the timing of these events pre dates a period of
intensive climatic variation and hence potential isolation
events. Rather, most speciation events occurred in the
Late Miocene and during the Pliocene (between 6-2.4
Ma). It is important to note that these conclusions are
based on the mean age for each node and that the 95%
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confidence intervals largely overlap with the Pleistocene
(see Table 1), and thus should be treated with caution.
However, these estimates are in line with numerous
other studies that have identified pre-Pleistocene diversification in African TRFs, such as in Afromomum [55],
an estimated 60% of Begonia species [56] as well as in
several animal clades such as African birds [57] and
African clawed frogs species [58]. This was also
recorded for the genus Coccinia [49], although this
genus is not restricted to TRF. The Late Pliocene corresponds to a period of renewed rain forest re-expansion
which was preceded by a fairly long period of aridification and savanna expansion during the Late Miocene
[52]. In contrast, a recent temporal analysis of the herbaceous and mainly montane genus Impatiens suggested
an important role of Pleistocene refuges on the diversification of the genus [59]. Most of the studies that have
detected (some) Pleistocene diversification focused on
herbaceous plant clades (e.g. Impatiens and Begonia
[9,56,59]) which are known to have faster rates of molecular evolution when compared to woody taxa (e.g.
trees) [60] and or dispersal abilities. Intraspecific analyses of genetic diversity (phylogeography) of widespread
African tree (woody) species (including an African
Annonaceae species Greenwayodendron suaveolens [61])
suggest that Pleistocene refuges did have some effect
but mainly at the infra specific genetic structure level
only [61,62]. The small role of the Pleistocene in generating species was also suggested to be the case in Afromomum [55]. Even though Afromomum species are
herbs, individuals can live up to 10 years which could
imply lower molecular evolution [55] when compared to
other herbaceous taxa. The climatic variations of the
past 2.5 Ma might have been too quick to allow allopatric speciation with little ecological divergence to operate, especially on organisms with lower rates of
molecular evolution such as trees, something that is
supported by our data as well as in other studies [49].
Thus, the late Miocene and Pliocene epochs appear to
have played a significant role in diversification of African TRF trees possibly related to the longer phases of
unfavorable climatic conditions and isolation of populations allowing proper genetic isolation between them.
Conclusion

Although it is generally argued that ecology is never
truly absent from speciation [63], it is important to
understand to what extent it can influence species production over time. Our results imply that adaptation to
climatic differences between sister species have not been
a major driver of speciation in trees of African TRFs,
which is consistent with the geographical speciation
model of TRF diversification. Such a result would seem
to contrast with other patterns detected in non-TRF
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plants. In the absence of other evidence, speciation in
the studied genera could possibly be the result of intricate pollination mechanisms. Indeed, both genera present strikingly different flower morphologies (Figure 1),
and intra generic variation is also important [28]. Unfortunately, to date, little information is available on African Annonaceae pollination biology [28,64], something
that should be further explored.

Methods
Divergence dates

For this analysis we used the chronogram of Couvreur
et al. [29] which included 14 out of 20 species of Isolona
and 13 out of 14 species of Monodora. The analysis was
based on five chloroplast markers and the tree was
dated under a relaxed clock model with uncorrelated
rates across lineages [see 29 for details]. A secondary
calibration point was used, with the crown node of Isolona and Monodora set to 14.9 Ma (95% highest posterior density (HPD) 9.4-21). A similar age (14.4 (95%
HPD 10.2-18.7) for this node was also found with a larger sampling of Annonaceae genera and with an
updated fossil calibration hypothesis [65].
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shown to overestimate distribution ranges as large areas
are included even though there are no collections [68].
The buffer approach is suitable because the method is
based on the data point itself, however, the size of the
buffer can produce a bias. Different buffer sizes were
here investigated (2, 10 and 20 km), and we chose the
results of the 20 km buffer size as it best captures the
patchy nature of these species’ distributions at the spatial scale used in this study. All buffers were then
merged and the area within buffers was calculated for
each individual species. Basic overlay functions were
used to estimate the percentage of known geographic
range overlap for each sister species pair, where the
amount of buffered area overlapping between two species was divided by the total buffered area for the species with the smaller range following [25].
Using the 19 bioclim variables (Table 4) from http://
www.worldclim.org at 30 arc seconds resolution [69], a
set of climatic measurements that summarize temperature and precipitation dimensions of the environment,
values were extracted for each unique specimen locality
using the ‘Extract Values to Points’ tool in the Spatial
Analyst extension of ArcGIS v. 9.3. These values were
then used to visualize climatic variability for each species.

Locality data and geographical distribution

Locality data were compiled from Couvreur [28] and
represented over 1500 georeferenced herbarium specimens (see additional files 14, 15, 16, 17 and 18 for distribution maps of all species included in this study). All
localities were imported into ArcGIS v. 9.3 [66] and projected to an Albers projection with a World Geodetic
System 1984 datum. Uncertain georeferenced specimens
as well as specimens from identical localities for each
species were deleted from the database prior to analyses,
leaving a total of 335 unique occurrence localities for
Isolona and 737 for Monodora (Table S1).
An estimate of the known geographic range for each
species was produced in ArcGIS v 9.3 using a “buffer”
approach. This method creates a buffer radius around
each collection point for each species. Overlapping buffers for each species pair are then fused and the range
overlap is calculated. Several other approaches can be
used such as the “quadrat” [e.g. [67]]: the distribution of
species are broken down into “pixels” (for example onedegree grid cells) and overlap is calculated based on
how many pixels each species have in common; or via a
“minimum convex polygon” [68]: the distribution of the
species is represented by a polygon which contains all
data points with no angle larger than 180 degrees. However, both these approaches will be biased in a certain
way: in the former case two data points of two different
species could be very close together but be considered
as not overlapping as the points are in two opposing
corners of different pixels; in the later it has been

Sister species comparisons: PCA

Environmental niches were compared between sister
species using Principal Component Analysis (PCA) on
Table 4 Environmental (bioclim) variables used to
construct ecological niche models in Maxent.
Abbreviation Description
BIO1

Annual mean temperature

BIO2

Mean diurnal range (mean of monthly (max temp - min
temp))

BIO3

Isothermality (BIO2/BIO7) (* 100)

BIO4

Temperature seasonality (standard deviation *100)

BIO5
BIO6

Max temperature of warmest month
Min temperature of coldest month

BIO7

Temperature annual range (BIO5-BIO6)

BIO8

Mean temperature of wettest quarter

BIO9

Mean temperature of driest quarter

BIO10

Mean temperature of warmest quarter

BIO11

Mean temperature of coldest quarter

BIO12

Annual precipitation

BIO13
BIO14

Precipitation of wettest month
Precipitation of driest month

BIO15

Precipitation seasonality (coefficient of variation)

BIO16

Precipitation of wettest quarter

BIO17

Precipitation of driest quarter

BIO18

Precipitation of warmest quarter

BIO19

Precipitation of coldest quarter

ALT

Altitude
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all 19 bioclim variables. Statistical tests between groups
have generally relied on AMOVA or MANOVA methods either between the principal components of the
PCA [27,48] or on the climatic variables directly [25].
However, these tests can only be undertaken if the
underlining assumptions of ANOVA are met: normal
distribution of the data and homogeneity of the variance. In our case, both the bioclim variables and the
PCA components violated those assumptions (One-Sample Kolmogorov-Smirnov test rejected the normality of
the data in all cases and Levene’s test rejected the equality of error variances in all cases (data not shown)).
Thus, statistical differences between sister species were
assessed using the non parametric Mann-Whitney U
test by comparing the principal components (PC1, PC2,
PC3) [27,48].
Niche modeling

Ecological niche modeling was used in order to summarize the climatic tolerances of the sampled species,
except for M. hastipetala (see below). Ecological niche
models were generated using the maximum entropy
method, Maxent version 3.3 [35]. This is a presenceonly method demonstrated to perform well when compared to similar approaches [37,70,71]. Maxent generates a continuous probability distribution of habitat
suitability for each input species. The software finds the
distribution that is closest to uniform, or of maximum
entropy, within the study area, and it does so subject to
the constraints imposed by variations in the environmental variables at the species’ occurrence localities
[35].
The study area used for niche analyses included Africa
and Madagascar and was confined to the known northern and southern extent of Isolona and Monodora
(below 12°51’N and above 28°7’S); latitudinal boundaries
which roughly coincide with limits of the suitable land
cover types for these species. The 19 bioclim layers and
an elevation layer (Table 3), downloaded from the
Worldclim data set, were used as environmental variables in the models [69]. For each species, a total of 100
replicates were run with random seed, which creates a
different random data partition (25% test, 75% training)
for each run. To choose presence data for each replicate,
bootstrapping allowing sampling with replacement was
used. For further analyses, the averaged Maxent output
from these 100 models was used. All models were run
under auto-features in logistic format [35], using a maximum of 500 interactions and regularization multiplier
of 1.0. The importance of individual environmental variables in explaining the distribution of each species modeled was determined by running jackknife tests within
the Maxent interface [35]. The area under the curve
(AUC) of the receiver operating characteristic (ROC)
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plot was employed to evaluate model performance [72].
AUC is a threshold-independent measure that quantifies
the ability of a model to distinguish presence data from
background data as compared to a random prediction.
AUC values range from 0 to 1, with 0.5 denoting a
model that is performing no better than random. Higher
AUC values indicate better performing models and
models with an AUC value over 0.7 are considered useful [73] but see [74].
Sister species comparisons: niche similarity tests

For all sister species pairs, we compared the Maxent
outputs using the software ENMtools [42] following the
methods described in [26,42]. For one species (Monodora hasitpetala), niche models we unable to be generated in Maxent due to the low number of unique
occurrence localities (4). Therefore, the known geographic range was used for niche similarity tests, rather
than the Maxent output. The software quantifies niche
similarity using two metrics: D [75], and I, a measure
derived from Hellinger distance. These metrics are calculated by comparing the estimated niche suitability
values from individual pixels in Maxent model outputs,
where those outputs have first been normalized such
that all predicted suitability values in the geographic
space sum to 1 [26]. Although both similarity measures
are calculated in a similar manner, they differ in how
the interpretation of the niche suitability values. The
results for both measures range from 0 (no niche overlap) to 1 (identical niches). In ENMtools, niche overlap
was calculated for each of the sister species pairs. Additionally, two randomization tests were run in ENMtools
to evaluate niche similarity and conservatism between
sister species only: niche identity and background similarity tests [26].
The niche identity test compares niche models generated with actual occurrence localities to pseudoreplicate
models generated with points randomly selected from a
pool of actual occurrence localities to determine if species pairs have equivalent niches. For the identity tests,
100 pseudoreplicates were created from the pooled
localities for each pair of sister species and D and I
values were calculated for each of the pseudoreplicate
models. The distribution of these similarity values was
then compared to the D and I values calculated from
the actual niche models for that species pair in the
niche overlap test. This method tests the null hypothesis
that the two species have equivalent ecological niches
and is expected to be met only if both species tolerate
exactly the same environmental conditions and have an
equivalent set of environmental condition available to
them [26].
The background similarity test compares differences in
the environmental background of species pairs (as
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opposed to the actual occurrence localities) to determine if the two species are more or less similar than
expected by chance. For each species pair, the niche
model for the focal species is compared to a series of
pseudoreplicate models generated by randomly sampling
the ‘background’ (geographic range) of its sister species
[26]. In the context of the similarity test, the known
geographic range previously calculated for each of the
study species was defined as its background, and 100
pseudoreplicates were created for each species pair
tested. D and I values were calculated for each pseudoreplicate model and the distribution of these values was
compared to the niche overlap values calculated for the
actual data. This method tests the null hypothesis that
calculated niche overlap between two species is
explained by differences in their environmental background. The null hypothesis is rejected if the calculated
niche overlap falls outside the 95% confidence interval
for the distribution of pseudoreplicate model values.
Phylogenetic signal of bioclim variables

The phylogenetic signal (we prefer the term “phylogenetic signal” over “phylogenetic conservatism” as suggested by [20]) for each bioclim variable was tested on
both genera independently using two methods specifically designed for continuous characters: the quantitative convergence index (QVI) of Ackerly and Donoghue
[39] and the K of Blomberg et al. [40]. The QVI represents the inverse of the retention index for continuous
characters. When QVI = 0 similar species for a trait are
sister taxa, and when QVI = 1 similar species for that
trait are not closely related. The calculation of the QVI
was undertaken on 1000 randomly chosen posterior
trees and with 1000 randomizations of the tree tips
using the software program CACTUS 1.13 [76]. This
approach allows to take phylogenetic uncertainty into
account when calculating the QVI.
K is used to quantify the “amount of phylogenetic signal relative to the amount expected for a character
undergoing Brownian motion evolution along the specified topology and branch lengths” [[40], page 730]. This
statistic differs from the previous one as it tests the
degree of resemblance of the (continuous) variables
between sister species under an explicit null evolutionary model: the Brownian motion model [40]. The statistic varies from 0 to infinity, with K < 1 indicating low
phylogenetic dependence of the variable and K > 1 indicating high phylogenetic signal of the variable. When K
= 1, the variable exhibits the phylogenetic signal
expected under the Brownian motion model (e.g. the
null model). K was estimated for each of the 19 bioclim
variables using the multiPhylosignal command in the
picante (ver. 1.3) [77] R package and its significance was
assessed by 999 randomizations.
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Phylogenetic signal of niche differentiation

We also tested for phylogenetic signal of niche differentiation by using an adaptation of the age-range correlation method of [47] in which niche similarity indices I
and D are viewed in function of time following [26]. I
and D values were estimated between all species pairs
for each genus. We used the R package phyloclim ver.
0.8.1 [78] to generate the correlation graphs. Phylogenetic signal was tested by Monte Carlo simulations to
randomize the I and D indices of each species in order
to estimate of the slope and intercept of the plots under
the null hypothesis of no phylogenetic signal [47] as
implemented in phyloclim. For each genus, a total of
1000 simulations were undertaken.
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3: I. pleurocarpa; 4: I. zenkeri; 5: I. campanulata; 6: I. cooperi; 7: I. dewevrei;
8: I. thonneri; 9: I. cauliflora. East African species: 10: I. heinsenii; 11: I.
linearis. Malagasy species: 12: I. capuroni; 13: I. ghesquierei; 14: I. perrierii.
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Indicates the variation of bioclim variables BC1 to 6 for all sampled
species in Monodora. West/Central African species 1: Monodora
angolensis 2: M. crispata, 3: M. laurentii, 4: M. myristica, 5: M. tenuifolia, 6:
M. undulata. East African species: 7: M. carolinae, 8: M. globiflora, 9: M.
grandidieri, 10: M. hastipetala, 11: M. junodii, 12: M. minor, 13: M.
stenopetala.
Additional file 6: Variation of bioclim variables BC7-12 for
Monodora. Indicates the variation of bioclim variables BC7 to 12 for all
sampled species in Monodora. West/Central African species 1: Monodora
angolensis 2: M. crispata, 3: M. laurentii, 4: M. myristica, 5: M. tenuifolia, 6:
M. undulata. East African species: 7: M. carolinae, 8: M. globiflora, 9: M.
grandidieri, 10: M. hastipetala, 11: M. junodii, 12: M. minor, 13: M.
stenopetala.
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Monodora. Indicates the variation of bioclim variables BC7 to 12 for all
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grandidieri, 10: M. hastipetala, 11: M. junodii, 12: M. minor, 13: M.
stenopetala.
Additional file 8: Variation of bioclim variable BC19 for Monodora.
Indicates the variation of bioclim variable BC19 for all sampled species in
Monodora. West/Central African species 1: Monodora angolensis 2: M.
crispata, 3: M. laurentii, 4: M. myristica, 5: M. tenuifolia, 6: M. undulata. East
African species: 7: M. carolinae, 8: M. globiflora, 9: M. grandidieri, 10: M.
hastipetala, 11: M. junodii, 12: M. minor, 13: M. stenopetala.
Additional file 9: Species values. Indicates the number of unique data
points as well as several ENM parameters for each species sampled in
the molecular phylogeny used to generate the ENM. Bold values indicate
species for which there were fewer than 8 unique data points.
Additional file 10: Potential distribution of Isolona species. Shows
the rest of the models generated for Isolona species.
Additional file 11: Potential distribution of Monodora species. Shows
the rest of the models generated for Monodora species.
Additional file 12: Potential distribution of the two last Monodora
and Isolona species. Shows the rest of the models generated for
Monodora and Isolona species.
Additional file 13: Distribution of species in Isolona. Shows the
geographical location of all data points for each species used in this
study.
Additional file 14: Distribution of species in Isolona. Shows the
geographical location of all data points for each species used in this
study.
Additional file 15: Distribution of species in Isolona (continue from
sup file 1) and Monodora. Shows the geographical location of all data
points for each species used in this study.
Additional file 16: Distribution of species in Monodora (continue
from sup file 2). Shows the geographical location of all data points for
each species used in this study.
Additional file 17: Distribution of species in Monodora (continue
from sup file 3). Shows the geographical location of all data points for
each species used in this study.
Additional file 18: Distribution of species in Monodora (continue
from sup file 4). Shows the geographical location of all data points for
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Acknowledgements
The authors wish to thank Dan Warren and Steven Phillips for advice and
help concerning methodological issues. We are also grateful to three
anonymous reviewers for their useful comments and corrections. One
reviewer was especially thorough and helped significantly improve the
quality of this article.
Author details
Institut de Recherche pour le Développement (IRD), UMR DIA-DE, DYNADIV
researche group, 911, avenue Agropolis, BP 64501, F-34394 Montpellier
cedex 5, France. 2The New York Botanical Garden, 200th St. and Kazimiroff
Blvd, Bronx, NY 10458-5126, USA. 3LaGuardia Community College, City
University of New York, 3110 Thomson Avenue, Long Island City, NY, USA.
4
Netherlands Centre for Biodiversity Naturalis (section NHN), Wageningen
branch, and Wageningen University, Biosystematics group, Generaal
Foulkesweg 37, 6703 BL Wageningen, The Netherlands. 5Wageningen
University, Biosystematics group, Droevendaalsesteeg 1, 6708 PB
Wageningen, The Netherlands.
1

Authors’ contributions
TLPC conceived and coordinated the study, participated in its design,
undertook part of the statistical analyses and drafted the manuscript. HPM
participated in the design of the study, performed part of the statistical and
all GIS analyses and helped draft the manuscript. JJW participated
significantly in the production of the data. LWC participated in the
conception of the study. All authors read and approved the final manuscript.

Page 17 of 19

Received: 29 April 2011 Accepted: 11 October 2011
Published: 11 October 2011
References
1. Linder HP: Plant diversity and endemism in sub-Saharan tropical Africa. J
Biogeogr 2001, 28(2):169-182.
2. White F: The Guineo-Congolian region and its relationships to other
phytochoria. Bull Jard Bot Nat Belg 1979, 49:11-55.
3. Burgess ND, Clarke GP, Rodgers WA: Coastal forests of eastern Africa:
status, endemism patterns and their potential causes. Biol J Linn Soc
1998, 64(3):337-367.
4. Burgess ND, Butynski TM, Cordeiro NJ, Doggart NH, Fjeldså J, Howell KM,
Kilahama FB, Loader SP, Lovett JC, Mbilinyi B: The biological importance of
the Eastern Arc Mountains of Tanzania and Kenya. Biol Conserv 2007,
134(2):209-231.
5. Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J:
Biodiversity hotspots for conservation priorities. Nature 2000, 403:853-858.
6. Pennington RT, Richardson JE, Lavin M: Insights into the historical
construction of species-rich biomes from dated plant phylogenies,
neutral ecological theory and phylogenetic community structure. New
Phytol 2006, 172(4):605-616.
7. Smith TB, Schneider CJ, Holder K: Refugial isolation versus ecological
gradients. Genetica 2001, 112-113(1):383-398.
8. Plana V: Mechanisms and tempo of evolution in the African GuineoCongolian rainforest. Philos Trans R Soc Lond, B 2004, 359(1450):1585-1594.
9. Sosef MSM: Refuge Begonias–Taxonomy, phylogeny and historical
biogeography of Begonia sect. Loasibegonia and sect. Scutobegonia in
relation to glacial rain forest refuges in Africa. Studies in Begonia V 1994,
94:1-306.
10. Nicolas V, Missoup AD, Denys C, Kerbis Peterhans J, Katuala P, Couloux A,
Colyn M: The roles of rivers and Pleistocene refugia in shaping genetic
diversity in Praomys misonnei in tropical Africa. J Biogeogr 2011,
38(1):191-207.
11. Prance GT: Forest refuges: Evidence from woody angiosperms. In
Biological diversification in the Tropics. Edited by: Prance GT. New-York, USA:
Columbia University Press; 1982:137-158.
12. Fjeldså J, Lovett JC: Geographical patterns of old and young species in
African forest biota: the significance of specific montane areas as
evolutionary centers. Biodivers Conserv 1997, 6:325 346.
13. Roy MS: Recent diversification in African greenbuls (Pycnonotidae:
Andropadus) supports a montane speciation model. Proc R Soc Lond B
1997, 264:1337-1344.
14. Schneider CJ, Smith TB, Larison B, Moritz C: A test of alternative models of
diversification in tropical rainforests: Ecological gradients vs. rainforest
refugia. Proc Natl Acad Sci USA 1999, 96(24):13869-13873.
15. Givnish TJ: Ecology of plant speciation. Taxon 2010, 59:1326-1366.
16. Orr MR, Smith TB: Ecology and speciation. Trends Ecol Evol 1998,
13(12):502-506.
17. Wiens JJ: Speciation and ecology revisited: Phylogenetic niche
conservatism and the origin of species. Evolution 2004, 58(1):193-197.
18. Wiens JJ, Graham CH: Niche conservatism: Integrating evolution, ecology,
and conservation biology. Ann Rev Ecol Evol Sys 2005, 36:519-539.
19. Wiens JJ, Ackerly DD, Allen AP, Anacker BL, Buckley LB, Cornell HV,
Damschen EI, Jonathan Davies T, Grytnes J-A, Harrison SP: Niche
conservatism as an emerging principle in ecology and conservation
biology. Ecol Lett 2010, 13(10):1310-1324.
20. Pearman PB, Guisan A, Broennimann O, Randin CF: Niche dynamics in
space and time. Trends Ecol Evol 2008, 23(3):149-158.
21. Davis CC, Bell CD, Fritsch PW, Mathews S: Phylogeny of AcridocarpusBrachylophon (Malpighiaceae): implications for tertiary tropical floras and
Afroasian biogeography. Evolution 2002, 56(11):2395-2405.
22. Elith J, Leathwick JR: Species distribution models: ecological explanation
and prediction across space and time. Ann Rev Ecol Evol Sys 2009,
40(1):677-697.
23. Yesson C, Culham A: Phyloclimatic modeling: Combining phylogenetics
and bioclimatic modeling. Syst Biol 2006, 55(5):785-802.
24. Yesson C, Culham A: A phyloclimatic study of Cyclamen. BMC Evol Biol
2006, 6:72.
25. Nakazato T, Warren DL, Moyle LC: Ecological and geographic modes of
species divergence in wild tomatoes. Am J Bot 2010, 97(4):680-693.

Couvreur et al. BMC Evolutionary Biology 2011, 11:296
http://www.biomedcentral.com/1471-2148/11/296

26. Warren DL, Glor RE, Turelli M: Environmental niche equivalency versus
conservatism: quantitative approches to niche evolution. Evolution 2008,
62(11):2868-2883.
27. Graham CH, Ron SR, Santos JC, Schneider CJ, Moritz C: Integrating
phylogenetics and environmental niche models to explore speciation
mechanisms in dendrobatid frogs. Evolution 2004, 58(8):1781-1793.
28. Couvreur TLP: Monograph of the syncarpous African genera Isolona and
Monodora (Annonaceae). Syst Bot Monogr 2009, 87:1-150.
29. Couvreur TLP, Chatrou LW, Sosef MSM, Richardson JE: Molecular
phylogenetics reveal multiple tertiary vicariance origins of the African
rain forest trees. BMC Biology 2008, 6:54.
30. Couvreur TLP, Richardson JE, Sosef MSM, Erkens RHJ, Chatrou LW: Evolution
of syncarpy and other morphological characters in African Annonaceae:
a posterior mapping approach. Mol Phylogenet Evol 2008, 47(1):302-318.
31. Chatrou LW, Wieringa JJ, Couvreur TLP: The impact of climate change on
the origin and future of East African rain forest trees. In Climate change
and systematics. Edited by: Hodkinson T, Jones M, Parnell J, Sheoin SN,
Waldren S. Dublin: Cambridge University Press; 2011:304-319.
32. Hutchinson GE: Concluding remarks. Cold Spring Harbor Symp Quant Biol
1957, 22:415-427.
33. Pearson RG, Dawson TP: Predicting the impacts of climate change on the
distribution of species: are bioclimate envelope models useful? Glob Ecol
Biogeogr 2003, 12(5):361-371.
34. Couvreur TLP, Botermans M, van Heuven BJ, Van der Ham RWJM: Pollen
morphology within the Monodora clade, a diverse group of five African
Annonaceae genera. Grana 2008, 47(3):185-210.
35. Phillips SJ, Anderson RP, Schapire RE: Maximum entropy modeling of
species geographic distributions. Ecol Model 2006, 190(3-4):231-259.
36. Mateo RG, Croat TB, Felicisimo AM, Munoz J: Profile or group
discriminative techniques? Generating reliable species distribution
models using pseudo-absences and target-group absences from natural
history collections. Divers Distrib 2010, 16(1):84-94.
37. Hernandez PA, Graham CH, Master LL, Albert DL: The effect of sample size
and species characteristics on performance of different species
distribution modeling methods. Ecography 2006, 29(5):773-785.
38. Wisz MS, Hijmans RJ, Li J, Peterson AT, Graham CH, Guisan A, Distribut NPS:
Effects of sample size on the performance of species distribution
models. Divers Distrib 2008, 14(5):763-773.
39. Ackerly DD, Donoghue MJ: Leaf size, sapling allometry, and Corner’s
rules: Phylogeny and correlated evolution in maples (Acer). Am Nat 1998,
152(6):767-791.
40. Blomberg SP, Garland T, Ives AR: Testing for phylogenetic signal in
comparative data: Behavioral traits are more labile. Evolution 2003,
57(4):717-745.
41. Couvreur TLP, Gereau RE, Wieringa JJ, Richardson JE: Description of four
new species of Monodora and Isolona (Annonaceae) from Tanzania and
an overview of Tanzanian Annonaceae diversity. Adansonia (Paris) 2006,
28(2):243-266.
42. Warren DL, Glor RE, Turelli M: ENMTools: a toolbox for comparative
studies of environmental niche models. Ecography 2010, 33(3):607-611.
43. Jakob SS, Heibl C, RÖDder D, Blattner FR: Population demography
influences climatic niche evolution: evidence from diploid American
Hordeum species (Poaceae). Mol Ecol 2010, 19(7):1423-1438.
44. Revell LJ, Harmon LJ, Collar DC: Phylogenetic signal, evolutionary process,
and rate. Syst Biol 2008, 57(4):591-601.
45. Losos JB: Phylogenetic niche conservatism, phylogenetic signal and the
relationship between phylogenetic relatedness and ecological similarity
among species. Ecol Lett 2008, 11(10):995-1003.
46. Butler Marguerite A, King Aaron A: Phylogenetic comparative analysis: A
modeling approach for adaptive evolution. The American Naturalist 2004,
164(6):683-695.
47. Fitzpatrick BM, Turelli M: The geography of mammalian speciation: Mixed
signals from phylogenies and range maps. Evolution 2006, 60(3):601-615.
48. Smith SA, Donoghue MJ: Combining historical biogeography with niche
modeling in the Caprifolium clade of Lonicera (Caprifoliaceae,
Dipsacales). Syst Biol 2010, 59(3):322-341.
49. Holstein N, Renner S: A dated phylogeny and collection records reveal
repeated biome shifts in the African genus Coccinia (Cucurbitaceae).
BMC Evol Biol 2011, 11(1):28.

Page 18 of 19

50. Punyasena SW, Eshel G, McElwain JC: The influence of climate on the
spatial patterning of Neotropical plant families. J Biogeogr 2008,
35(1):117-130.
51. Heikkinen RK, Luoto M, Araujo MB, Virkkala R, Thuiller W, Sykes MT:
Methods and uncertainties in bioclimatic envelope modelling under
climate change. Prog Phys Geog 2006, 30(6):751-777.
52. Morley RJ: Origin and evolution of tropical rain forests. New York: John
Wiley & Sons; 2000.
53. Bonnefille R: Rainforest responses to past climatic changes in tropical
Africa. In Tropical rainforest responses to climatic changes. Edited by: Bush
MB, Flenley J. Chichester: Praxis Publishing; 2007:117-170.
54. Maley J: The African Rain forest main characteristics of changes in
vegetation and climate from the upper Cretaceous to the Quaternary. In
Essays on the ecology of the Guinea - Congo rain forest, Royal society of
Edinburgh Proceedings Edited by: Alexander I, Swaine MD, Watling R 1996,
31-37, vol. B 104. Edinburgh.
55. Auvrey G, Harris DJ, Richardson JE, Newman MF, Sarkinen TE: Phylogeney
and dating of Afromomum (Zingiberarceae). In Diversity, phylogeny, and
evolution in the Monocotyledons. Edited by: Seberg O, Peterson G, Barfod A,
Davis JI. Aarhus: Aarhus University Press; 2010:287-305.
56. Plana V, Gascoigne A, Forrest LL, Harris D, Pennington RT: Pleistocene and
pre-Pleistocene Begonia speciation in Africa. Mol Phylogenet Evol 2004,
31(2):449-461.
57. Voelker G, Outlaw RK, Bowie RCK: Pliocene forest dynamics as a primary
driver of African bird speciation. Glob Ecol Biogeogr 2010, 19(1):111-121.
58. Evans BJ, Kelley DB, Tinsley RC, Melnick DJ, Cannatella DC: A mitochondrial
DNA phylogeny of African clawed frogs: phylogeography and
implications for polyploid evolution. Mol Phylogenet Evol 2004,
33(1):197-213.
59. Janssens SB, Knox EB, Huysmans S, Smets EF, Merckx V: Rapid radiation of
Impatiens (Balsaminaceae) during Pliocene and Pleistocene: Result of a
global climate change. Mol Phylogenet Evol 2009, 52(3):806-824.
60. Smith SA, Donoghue MJ: Rates of molecular evolution are linked to life
history in flowering plants. Science 2008, 322(5898):86-89.
61. Dauby G, Duminil J, Heuertz M, Hardy O: Chloroplast DNA polymorphism
and phylogeography of a Central African tree species widespread in
mature rainforests: Greenwayodendron suaveolens (Annonaceae). Tropical
Plant Biology 2010, 3(1):4-13.
62. Dainou K, Bizoux J-P, Doucet J-L, Mahy G, Hardy OJ, Heuertz M: Forest
refugia revisited: nSSRs and cpDNA sequences support historical
isolation in a wide-spread African tree with high colonization capacity,
Milicia excelsa (Moraceae). Mol Ecol 2010, 19(20):4462-4477.
63. Sobel JM, Chen GF, Watt LR, Schemske DW: The biology of speciation.
Evolution 2010, 64(2):295-315.
64. Gottsberger G, Meinke S, Porembski S: First records of flower biology and
pollination in African Annonaceae: Isolona, Piptostigma, Uvariodendron,
Monodora and Uvariopsis. Flora 2011, 206(5):498-510.
65. Couvreur TLP, Pirie MD, Chatrou LW, Saunders RMK, Su YCF, Richardson JE,
Erkens RHJ: Early evolutionary history of the flowering plant family
Annonaceae: steady diversification and boreotropical geodispersal. J
Biogeogr 2011, 38(4):664-680.
66. ESRI: ArcGIS Version 9.3. Environmental Systems Research Institute (ESRI).
Redlands, CA, USA; 2009.
67. Perret M, Chautems A, Spichiger R, Barraclough TG, Savolainen V: The
geographical pattern of speciation and floral diversification in the
Neotropics: the tribe Sinningieae (Gesneriaceae) as a case study.
Evolution 2007, 61(7):1641-1660.
68. Burgman MA, Fox JC: Bias in species range estimates from minimum
convex polygons: implications for conservation and options for
improved planning. Anim Conserv 2003, 6:19-28.
69. Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A: Very high resolution
interpolated climate surfaces for global land areas. International Journal
of Climatology 2005, 25:1965-1978.
70. Elith J, Graham CH, P. Anderson R, Dudík M, Ferrier S, Guisan A, J.
Hijmans R, Huettmann F, R. Leathwick J, Lehmann A: Novel methods
improve prediction of species’ distributions from occurrence data.
Ecography 2006, 29(2):129-151.
71. Pearson RG, Raxworthy CJ, Nakamura M, Townsend Peterson A: Predicting
species distributions from small numbers of occurrence records: a test
case using cryptic geckos in Madagascar. J Biogeogr 2007, 34(1):102-117.

Couvreur et al. BMC Evolutionary Biology 2011, 11:296
http://www.biomedcentral.com/1471-2148/11/296

Page 19 of 19

72. Fielging AH, Bell JF: A review of methods for the assessment of
prediction errors in conservation presence/absence models. Environ
Conserv 1997, 24(01):38-49.
73. Swets J: Measuring the accuracy of diagnostic systems. Science 1988,
240(4857):1285-1293.
74. Lobo JM, Jiménez-Valverde A, Real R: AUC: a misleading measure of the
performance of predictive distribution models. Glob Ecol Biogeogr 2008,
17(2):145-151.
75. Schoener TW: The Anolis Lizards of Bimini: Resource Partitioning in a
Complex Fauna. Ecology 1968, 49(4):704-726.
76. Schwilk DW, Ackerly DD: Flammability and serotiny as strategies:
correlated evolution in pines. Oikos 2001, 94:326-336.
77. Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly DD,
Blomberg SP, Webb CO: Picante: R tools for integrating phylogenies and
ecology. Bioinformatics 2010, 26(11):1463-1464.
78. Heibl C: phyloclim: Integrating phylogenetics and climatic niche modelling;
2011 [http://cran.r-project.org/web/packages/phyloclim/index.html].
doi:10.1186/1471-2148-11-296
Cite this article as: Couvreur et al.: Little ecological divergence
associated with speciation in two African rain forest tree genera. BMC
Evolutionary Biology 2011 11:296.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

